The structure and surface morphology of Ni P alloys obtained by electroless plating has been analysed by X-ray diffraction and microscopic techniques respectively. The bath composition has been found to affect the microstructure of the alloy. The corrosion behaviour of these alloys in acidic media: 1 N H2SO4, 1 N HC1 and 5% NaC1 (pH 5) was investigated using electrochemical techniques. The corrosion characteristics varied with the degree of crystallinity, the composition of the alloy and the presence of inclusions in the alloy.
Introduction
Alloys are frequently used in industries to meet high strength and corrosion resistance of the base materials. Amorphous Ni P alloys find significant commercial importance in electronic, aerospace and automotive applications [1, 2] . Several studies have been made on the evaluation of corrosion resistance of these alloys prepared either by melt spinning [3] or electrodeposition techniques [4, 5] . In these findings the corrosion behaviour is explained in terms of percentage of phosphorus.
The corrosion resistance of the electroless N~P coatings depends on several factors, namely the phosphorus content [6] , degree of crystallinity, size and orientation of the grains [7] , phase and structural variation and the thickness and porosity [8] . It has been established that various chemical states of Ni and P, enriched in the surface film, are responsible for the passivation process [9] . Although phosphorus in Ni P alloys can produce both detrimental and beneficial effects, the protective effect is very much dependent on the microstructural composition.
It has been observed [10] that the plating bath components boric acid, sodium chloride, lead ions and allyl thiourea produced a considerable change in the plating rate and the composition of the alloy. Recently, the characterization of microstructure of surface coatings has been well documented [11, 12] and the detailed study on such a topic is of considerable practical significance. In the present communication, the results pertaining to the effect of several components in plating bath solution on the microstructure and the corrosion resistance are reported.
Experimental
The Ni P coatings (thickness 20-30gm) were obtained on copper substrates from a bath solution (AP) of composition 0.1M NiSO4"7H20, 0.15M NaH2PO2'2H20, 0.8 M H3BO3, 0.8 M NaC1, 0.4 M NaKC4H406'4H20 and 3.5 × 10 5M C4HTNHS at 343 K and pH 5 under the plating conditions used earlier [10] . Experiments were also carried out to get Ni P coatings using lead ions (9.7 x 10 ~' M) (PB) and a mixture of lead ions (4.35 x 10 s M) and allylthiourea (1.75 x 10 -5 M) (PL) as stabilizers. Coatings were also obtained from this bath solution without sodium chloride (BA) or boric acid (SC). The coatings obtained under different experimental conditions were investigated in detail.
The microstructural characteristics of each Ni P coating were studied using X-ray diffractometry (PW1140//90, Philips) and scanning electron microscopy (Oxford, Link QX 2000). Galvanostatic polarizations were carried out at ambient temperature and stirring in a threecompartment cell containing deaerated corrosive media (1N H2SO4, 1N HC1 or 5% NaC1 (pH5)) using a potentiostat (362A, PG&G PAR, USA). Platinum foil and a saturated calomel electrode were used as counter and reference electrodes respectively. Experiments were repeated under each set of experimental conditions to ensure reproducibility. (a) The Ni P alloys obtained under different experimental conditions were examined for microstructural and phase characteristics by SEM/EDAX (Figs. 1 and 2 ) and X-ray diffraction. Fig. 3 represents the XRD patterns of the Ni P alloys obtained from AP and PB plating baths. These alloys were amorphous and they showed crystallinity on heating for 2 h under vacuum at 673 K (Fig. 4) . The diffused peak height pertaining to Ni(111) varied with different coatings plated under different conditions. From the diffraction patterns, the values of full width at half-maximum (FWHM) [13] , (the degree of crystallinity), were evaluated (Table 1) . These values for various bath compositions are in the order PB >AP> BA> PL > SC The broad diffused band of PB compared with AP reflects its high amorphous nature which persists even after heat treatment. The intensities due to the Ni(111) phase were very weak compared with the Ni3P phase (Fig. 4) .
In the crystalline patterns of BA and SC, an additional peak with a lattice parameter d of 1.91 A was noticed. Analysis of the XRD pattern shows the presence of nickel phosphide (NisP2) with a slightly distorted unit cell parameter ao of 13.27 A compared with the reported value of 13.22 ,i~. The structural variations in the coatings are usually related to their chemical reactivity, which can be best studied by their corrosion characteristics. Thus, in order to understand the corrosion behaviour of these coatings, detailed potentiodynamic polarization studies were made in 1 N H2SO 4 at 303 K. The polarization diagrams ( 
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The rate of corrosion (Rmpy) was evaluated using the relation [ 14] Rmpy = 0.13 ie/p (2) where i is the current density, e is the equivalent weight (chemical), while p is the density of the alloy. The corrosion data of the coatings in 1 N H2SO 4 are supplemented in Table 2 . The values of i .... of the deposits are in the order:
The anodic Tafel slope ranges from 50 mV dec-1 to 120 mv dec -t, while the cathodic Tafel slope shows a large variation, with rate of hydrogen evolution being high in the case of BA. Although the anodic polarization shows an active dissolution state to higher potentials in the case of PB and AP, their corrosion currents are low because the change in polarization was slow and the linear polarization resistance was high ( Table 1) . The passivation tendency seen in all these alloys except PB lies at a potential of 120mV above E .... and goes beyond 200 mV in case of AP.
Similar polarization experiments were carried out in other corrosive media using AP alloy: 1 N HC1 and 5% NaC1 (pH 5) (Fig. 6) . The observed results (Table 3) show greater corrosion resistance in H2SO 4 than in HC1. However, heat treatment of the alloys (AP and PB) show higher surface activity towards H2SO 4 while lesser surface activity towards corrosive chloride media ( Table 3 ). The passive behaviour of heat treated alloys (AP and PB) was also observed in these media. 
Discussion
The XRD technique which gives information on the bulk property of the coating has been considered as one of the tools to investigate their chemical behaviour. In the XRD pattern, the broadening effects are attributed to two main factors: small crystallite size as well as deformation due to internal stress [15] . On comparing the results of the XRD with that of the polarization it is observed that the variation of corrosion rate with the percentage of phosphorus follows a reverse order of variation with the FWHM of the coatings (Fig. 7) . In the case of PL, the FWHM is small showing greater crystallinity.
Among the coatings developed, PL and AP samples exhibited greater corrosion resistance in H2SO 4. This could be attributed to a higher rate of deposition which results in thick coherent coatings. On observing the corrosion behaviour of PL and PB coatings, three principal factors --the degree of amorphous state, extent of internal stress and the percentage of phosphorus appear to be operative in governing their reactivity. The combined effect of all these or the dominance of any one is responsible for the observed relationship between the chemical reactivity and XRD line broadening. However, the increase in corrosion resistance with the increase in phosphorus content [ 16] need not always be true and there are other factors which affect the corrosion behaviour of these alloys. The anodic Tafel slope values (50-120mV dec -1) show that the initial dissolution of the nickel metal goes through a monovalent intermediate state [ 17] , followed by a passive state. Melendres and Pankuch [18] report the presence of Ni(OH)2 and NiO in the passive film on nickel in the pH range 2.7 12, but the surface of the passive film of amorphous Ni P alloys appears to be covered by a layer of adsorbed hypophosphite/phosphinate species which act as a protective layer [19] . The large variation in the cathodic Tafel slope in these coatings can be attributed to the surface inhibition by a passive film.
From the microscopic examination and corrosion measurements, it appears that these alloys exhibit an intrinsic intergranular attack with preferential growth along the boundary to form fissures in 1 N H2SO 4 ( Fig. 8A) , while in HCI the dissolution of the blisters and smoothening of the roughness of the surface with pit formation (Fig. 8B) is observed. On heat treatment, the surface becomes relaxed owing to stress relief and hydrogen expulsion. Thus the stress corrosion in HCI will be less while the intergranular corrosion in H2SO 4 will be more owing to the growth of the microcrystallites. This fact is further supported by the observed corrosion results ( Table 3) .
The surface of the PB alloy shows fewer blisters (Fig. 1) than that of AP. It is likely that stabilizers such as lead ions become strongly adsorbed on the surface. Hydrogen overvoltage being high on lead, the number of blisters due to hydrogen embrittlement is less in PB. The difference in E .... (Fig. 5, Table 2 ) for these coatings may be due to the differences in composition, thickness and porosity of the coating. The observed experimental results such as dependence of structure and corrosion resistance on the plating conditions, increase in crystalline nature of the coating with heat treatment and dependence of chemical reactivity of coatings with composition on the amorphous state are in conformity with the earlier findings [-20,21].
Conclusions
The correlation of microstructure with the corrosion behaviour is established with the plated Ni-P alloys. The formation of a new phase of NisP2 structurally distinguishes the BA and SC coatings from the others. The protective role of a stabilizer such as lead ions is significant and appears to be microscopically controlled. The synergistic action of boric acid and sodium chloride helps in increasing the corrosion resistance. The slight changes in the bath composition (stabilizer) bring a drastic change in the corrosion resistance. The rate of corrosion of PB and PL are much lower than those reported earlier.
